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Abstract 
  In this study, poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid methylester (P3HT:PCBM) organic 
photovoltaic (OPV) devices, with ZnO nanoparticles buffer layer between the photoactive layer (P3HT:PCBM) 
and the cathode (Al top electrode), were fabricated. The active layer were annealed at 140 oC before depositing 
the Zno and top electrode. The objective of this study was to investigate the effects of the ZnO buffer layer and 
pre-/post-fabrication annealing on the general performance of these devices. The short-circuit current density(JSC) 
and open-circuit voltage (VOC) of the OPV devices were improved by the insertion of the ZnO layer and post-
fabrication annealing. This can be attributed to, among other things, improved charge transport across the 
interface between the photoactive layer and the Al top electrode as a result of post-annealing induced 
modification of the interface morphology. 
Keywords: Organic, Photovoltaic, Heterojunction, Carriers. 
 
1. Introduction 
Since the discovery of their electroluminescence [1], conjugated polymers have been extensively studied for a wide 
range of optoelectronic applications such as polymer light emitting diodes [2] and organic photovoltaic devices [3]. 
The advantage of conjugated polymers over other electronic materials is that they can be readily processed into thin 
films from solution using techniques such as spin coating or inkjet printing [4], thereby offering the prospect of low 
cost manufacturing processes. However, the morphology of a bulk-heterojunction, consisting of a binary blend, 
cannot be easily controlled. The formation of the final blended structure is affected by several parameters, such as 
the blend composition, viscosity, solvent evaporation rate [5] and substrate surface energy, all of which present 
difficulties in the achievement of the desired blend morphology for maximum charge generation and transport [6]. 
nowadays, organic solar cell/photovoltaic (OPV) devices, fabricated from th blends of poly(3-hexylthiopene)(P3HT) 
and ([6,6]-phenyl C61-butyric acid methylester)(PCBM), are the most widely studied bulk heterojunction systems 
because of their relatively good photovoltaic (PV) properties. Although the P3HT:PCBM devices exhibit excellent 
PV properties compared to other bulk heterojunction OPV devices[7], their power conversion efficiency (PCE) is 
still too low compared to that of the conventional silicon PV cells. As discussed in other papers [8–9],  the space 
charge buildup caused by a low mobility of charge carriers is one of the factors that limits the (PCE) and/or  the fill 
factor (FF) by lowering the open-circuit voltage ( VOC) and short-circuit current density (JSC) of the devices. 
Furthermore, Al atoms from the top electrode may diffuse into the photoactive layer during the ageing of the devices 
and act as quenching/recombination centers while the penetration of water and/or oxygen molecules through the top 
electrode via pin hole and grain boundaries during operation or storage in air may lead to photo-oxidation and 
degradation of the devices [10-11]. One way of improving the performance of the P3HT:PCBM devices is to insert a 
metal oxide buffer layer between the photoactive layer (P3HT:PCBM) and the cathode (Al top electrode). For 
example, an improved performance was observed when ZnO [10,12] and TiO2 [13] nanoparticles were used as 
buffer layers between the active layer and the cathode.Qian etal. [10] speculated that, the ZnO layer prevents 
diffusion of Al atoms into the active layer and also has the potential to improve the environmental stability of the 
OPV devices by absorbing UV photons that could lead to bond breaking or photo-oxidation in the presence of water 
and/or oxygen molecules. They demonstrated an improved stability and a 30–80% improvement in (PCE) of 
PH3T:PCBM  OPV devices with the ZnO buffer layer. In addition, post-fabrication annealing is also known to 
improve the (PCE)  of OPV devices. For example, Mihailetchi [8] demonstrated a tenfold increase in (PCE) from 
post-fabrication annealed P3HT:PCBM devices (any metal oxide buffer layer) compared to similar devices that were 
not annealed. They attributed the increasing to enhanced hole mobility in the P3HT phase. In this study, 
P3HT:PCBM devices with the ZnO layer, were fabricated and they were annealed before depositing the Al metal top 
electrode. This paper sets  out to discuss the combined effects of the ZnO buffer layer and pre-/post-fabrication 
annealing on the general performance of the P3HT:PCBM devices. 
 
2. Experiment   
2.1. Materials and chemicals 
The water solution of poly (3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer (from 
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Sigma-Aldrich) which acted as the anode buffer layer to modify the work function of indium tin oxide (ITO)  on 
glasses (80 nm in thickness and 25 Ω/sq sheet resistance) and as the hole transport layer (hTL) on ITO bottom 
electrode. The chlorobenzene solution of poly (3- hexylthiophene) (P3HT) from Aldrich and [6,6]-phenyl C61-
butyric acid methylester (PCBM) from Aldrich with a mixture ratio of 1:1 was made to produce the active layer 
for light absorption. The ZnO sol was prepared by dissolving 0.1 M zinc acetate dehydrate (from Aldrich) in 2-
methoxyethanol and then ethanolamine was added as the stabilising agent. The molar ratio of zinc acetate to 
ethanolamine is at 1:1. The prepared ZnO sol was used to produce an amorphous ZnO layer which used as 
received for fabrication of the electron transport layer.  
 
2.2. characterization  
Current–voltage characteristics of OPV devices were conducted on the computer controlled Kithely sourcemeter. 
Illumination was provided by a solar simulator with AM1.5G spectra at 100 mW/cm2. The UV-vis absorption 
spectra of the polymer films were recorded on Varian 50 scan UV-visible spectrophotometer. The blend 
structures were investigated by multipurpose  X'Pert PHLIPS X-Ray defractometer (MPD), and the film 
thickness was determined using M2000V (J.A. Woollam Co., Inc.) spectroscopic ellipsometer, operating in the 
wavelength range 370-1000 nm. The scanning electron microscope (SEM) and the tapping mode atomic force 
microscope (AFM) images were recorded using FEI™ Nova Nano SEM and Vecco Nanoscope III AFM, 
respectively. 
 
2.3. OPV device fabrication 
Pre-structured ITO coated glass substrates (80 nm in thickness and 25 Ω/sq sheet resistance)  were ultrasonically 
cleaned in acetone, isopropyl alcohol and deionised water for 10 min, respectively. After drying with nitrogen, the 
substrates were spin-coated with a ~25 nm thin  PEDOT:PSS layer and then transferred again into the nitrogen-
filled glovebox for heat annealed at 110 oC for 10 min. On top of the PEDOT:PSS layer, a ~160 nm thick active 
layer was spin-coated from the chlorobenzene solution of P3HT:PCBM and then was annealed at 140 oC for 10 
min on a hot plate. Afterwards, the samples were removed out of the glovebox, followed a _40 nm thin amorphous 
ZnO layer by the sol–gel method and spin coating deposited then annealed on a hot plate at 150 oC for 10 min. 
Then the samples were transferred into a nitrogen-filled glovebox. Finally, a electrode consisting of 100 nm Al was 
thermally evaporated under vacuum of ~ 1×10-5 torr with a rate of deposition of 0.2 nm/s onto the Zno layer 
surface. The active layer  were subjected to a thermal annealing process (80–140 °C) for 10 min . The electrode 
was already deposited onto the ZnO layer prior to all annealing processes. The schematic diagram of ITO\ 
PEDOT:PSS\P3HT:PCBM\ ZnO\ Al  device processing structures is shown in Fig. 1a 
                                     
 
  
 
 
 
 
 
 
 
Fig. 1. (a) Device structure of the organic solar cell with the electron extraction layer of ZnO nanostructures and (b) 
the energy level diagram of each component of the device (the energies are referenced to the vacuum level) . 
 
3. Results and discussion  
The sol-gel  technique is a convenient method for fabrication of OPV devices and demands only solution based 
deposition methods using low process temperature, which guarantees  low cost and large-scale production. Fig. 2a 
shows the SEM image of the sol–gel derived ZnO thin film on ITO coated glasses. It presented amorphous 
structures. The AFM image in Fig. 2b shown its mean roughness below 4 nm and it covered the whole surfaces of 
a 
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the ITO thin films [14]. The AFM morphology of  P3HT:PCBM blends is showed in Fig. 3 and this phenomenon 
accords with the change of  root means square (RMS) roughness of the active layer from 0.331 to 1.984 nm before 
and after annealing, which was calculated according to the AFM images [15]. It has been considered that a larger 
RMS is a ‘signature’ of high-efficiency solar cells in ‘thermal annealing’ [16]. Fig.3 shows the surface morphology 
of P3HT:PCBM before and after annealing measured by AFM. It is apparent that the surface roughness of 
P3HT:PCBM was increased due to the vertical phase separation during annealing, the PC60BM molecular could 
easily penetrate into the bulk of active layer and left some hollows on the film surface during annealing [15] .In 
Fig.3, we observe that highly improved RMS occurs at 140 oC, which might illuminate that higher performances 
are achieved after 140 oC annealing. With additional annealing, the RMS increases. 
The optical absorption spectra of PCBM and P3HT thin films were recorded before and after the annealing at 
140 oC (Fig.4(a) and (b)). The P3HT thin films showed a slight increase in the absorption band at 445 – 640 nm 
after annealing, which concurs with the literature [17]. An increase in the absorption band after annealing 
generally indicates increased packing of the P3HT domains [18]. The absorption peak moved towards longer 
wavelengths with increasing temperature because polymers with shorter conjugation lengths can absorb higher 
energy photons [17]. The PCBM thin films (Fig. 4(a)) showed no significant change in the optical absorption 
behavior when the annealing temperature was varied. 
 Therefore, the changes in the PCBM/P3HT thin films were attributed to the changes in the polymer, P3HT. 
Figure 4(c) presents the absorption spectra of the annealed PCBM/ P3HT composite films at different 
temperatures (RT,80,120,140) oC. The untreated film (at room temperature ˷30 oC) showed a dominant broad 
absorption peak at approximately  445 – 640 nm and a relatively weak shoulder peak at approximately 530 nm 
and 580 nm. The absorption spectra of the blend films were combinations of two spectra, one from PCBM and 
the other from P3HT. The intensity of the absorption peak at approximately 445 – 640 nm increased and moved 
to longer wavelengths as the thermal annealing temperature was increased from room temperature to 140 oC . On 
the other hand, the intensity of the absorption peak decreased after  annealing at temperature higher than 140 oC, 
indicating that the inter-diffusion between the PCBM and the P3HT components started to occur.  
The annealing has an important impact on the crystallinity of P3HT. We can observe the increased crystallinity 
of  P3HT in XRD results as shown in Fig.5. Compared with room temperature annealing, the crystallinity is 
increased in the peak at 2θ=5.4° after to 140 oC annealing [19]. The conjugated chain is fully self-assembled to 
be orderly structure, the length of conjugated bond is increased, and  the increased thermal diffusion of PCBM 
molecules at elevated temperatures into larger PCBM aggregates [20,21,22]. As a result of this motion, the 
regions with low PCBM concentration occur. In these PCBM free regions, the P3HT aggregates can become 
converted into P3HT crystallites [23]. Note that the P3HT crystallinity is the highest for the annealing 
temperature of 140 oC. Further increase of the annealing temperature leads to a decrease of the P3HT crystallinity. 
We presume that the P3HT crystallites become unstable due to enhanced thermal motion of the P3HT molecules 
at high temperatures, which results in ‘‘melting’’ of P3HT crystallites and thus in a reduction of the P3HT 
crystallinity [20]. 
The current density–voltage (J–V) characteristics of the ZnO/P3HT:PCBM devices with annealed at different 
temperatures, are shown in Fig.6 and Table 1. The photovoltaic properties were studied under AM 1.5 G 
conditions with a light intensity of 100 mW/cm2. The current density–voltage (J–V) characteristics are listed in 
Table 1. It is evident from Fig. 6a and Table 1 that the device based on the ZnO/P3HT:PCBM/PEDT structure 
exhibits an improved short-circuit current density (Jsc) and fill factor (FF), as well as a higher power conversion 
efficiency (PCE) of approximately 3.8%. The statistical data for the annealed devices are shown in Fig. 7. After 
annealing at 80 °C, the Jsc and FF increased,  resulting in an estimated PCE of 1.6%. A further increase in 
annealing temperature to 140 °C (Fig. 7a) induced a remarkable increase in the Jsc, FF and PCE values. This 
result was attributed to the improved absorption of the incident light and the charge transportation properties of 
the highly ordered P3HT crystallites [24]. Motaung [25] and [26,27] showed that the PCEs of solar cells improve 
upon placing the cells in air for a few days due to the self-organisation of the P3HT/PCBM layer and oxidation 
of the silver electrode with time, resulting in a significant enhancement of the Jsc, FF and open circuit voltage 
(Voc). However, a decline in the Voc was observed with the annealing temperature, as shown in Fig. 7b. Guo et 
al. [27] reported that a decrease in the open circuit voltage may be due to a reduction in the work function of the 
Pt electrodes or due to the formation of shunts. When the annealing temperature increased to 160 oC, the devices 
degraded, as depicted in the photovoltaic performances shown in Fig. 7.  
 
4. Conclusion 
We have investigated the combined effects of the post-fabrication annealing and ZnO buffer layer  on the general 
performance of the P3HT:PCMB based OPV devices. An improvement in photovoltaic properties was observed 
from the devices annealed before depositing the Al top electrode compared to similar devices annealed at room 
temperature. While we expect the post-annealed device with the ZnO layer to exhibit improved PV properties, 
the greatest improvement was observed from the post annealed device with the ZnO layer and the possible 
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mechanism for this improvement was discussed.                                                                          
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Fig. 2. Morphologies of sol–gel derived ZnO thin films on active layer; (a) SEM images presenting an 
      amorphous structure and (b) AFM images indicating a very smooth surface. 
 
 
 
Fig. 3 AFM images of P3HT:PCBM films spin-coated from chlorobenzene  with annealing at room 
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     temperature (a) and annealed for 80C (b),120C (c), 140C (d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (shown) UV-vis Absorption 
 spectra of thin films of  (a) PCBM and 
 (b) a P3HT thin films, And 
 (c) a P3HT/PCBM composite film 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. X-ray diffraction of P3HT:PCBM with different temperature annealing treatment . 
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Fig. 6. Current density–voltage (J–V) characteristics of the (a) annealed ZnO/P3HT:PCBM 
at  temperatures  ranging  from 80 to 140°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Statistical data for the various annealed ZnO/P3HT:PCBM devices (a) Voc and FF and (b) Jsc and  
      PCE. It should be noted that the films were annealed from 80 to 140 °C. 
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Table 1 Summary of performance for devices ( ZnO/P3HT: PCBM (1:1)) . 
 
PCE(%) FF Jsc (mA/ cm-2) Voc(v) Annealing 
0.3078 0.54 0.95 0.6 RT 
1.6225 0.55 5 0.59 80 oC 
2.2673 0.63 6.1 0.59 120 oC 
3.8668 0.59 11.3 0.58 140 oC 
0.3307 0.53 1.1 0.56 160 oC 
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